The hydrogen/bromine flow battery is a promising candidate for large-scale energy storage due to fast kinetics, highly reversible reactions and low chemical costs. However, today's conventional hydrogen/bromine flow batteries use membrane materials (such as Nafion ® ), platinum catalysts, and carbon-paper electrode materials that are expensive. In addition, platinum catalysts can be poisoned and corroded when exposed to HBr and Br 2, compromising system lifetime. To reduce the cost and increase the durability of H 2 /Br 2 flow batteries, new materials are developed. The new Nafion/ polyvinylidene fluoride electrospun composite membranes have high perm-selectivity at a fraction of the cost of Nafion membranes; the new nitrogenfunctionalized platinum-iridium catalyst possesses excellent activity and durability in HBr/Br 2 environment; and the new carbon-nanotube-based Br 2 electrodes can achieve equal or better performance with less materials when compared to baseline electrode materials. Preliminary cost analysis shows that the new materials reduce H 2 /Br 2 flow-battery energy-storage system stack and system costs significantly. The resulting advanced H 2 /Br 2 flow batteries offer high power, high efficiency, substantially increased durability, and expected reduced cost.
Introduction
The Hydrogen/Bromine (H 2 /Br 2 ) flow battery is a potential large-scale energy storage device because of its numerous advantages such as rapid Br 2 and H 2 reaction kinetics, low cost, and abundance of the active materials used. [1] [2] [3] [4] [5] [6] [7] The charge and discharge reactions occurring are as follows: The active reactant material, hydrobromic acid (HBr) is also used as the supporting electrolyte. If the energy-storage system is commissioned in the discharged state, which is the most common case, HBr is the only chemical that is required. During charge, hydrobromic acid is electrolyzed to generate hydrogen and bromine, which are stored in separate tanks. Bromine has a moderate solubility in water which can be greatly enhanced by the presence of Br -via complexation to form Br 3 -or Br 5 -. 8, 9 The gas phase H 2 electrode also simplifies the separation and recovery of crossover catholyte, which can be returned back to the catholyte tank.
The H 2 /Br 2 flow battery technology has been under investigation since the 1960s. Brief literature reviews can be found in recent publications by Cho et al. 4 , Kreutzer et al. 5 and The PFSA membrane in a H 2 /Br 2 flow battery is used to physically separate the positive and negative electrodes, and prevent mixing of hydrogen and bromine/bromides while allowing proton transport between the electrodes. The membrane resistance has a large impact on the flow-cell performance. The resistance can be lowered by reducing membrane thickness or implementing pretreatment procedures, such as boiling in water, which notably increases the cell power density by improving membrane conductivity. 4, 5, 10 However, both approaches also increase the crossover rate of bromine species (i.e. bromine and bromide ions) across the membrane, leading to reduced coulombic efficiency, especially at lower operating current. 11 The crossover of catholyte through the membrane also requires the return of liquid back to the solution tank, which adds system complexity and operation cost. A more severe issue is that the presence of bromine-species at the negative side adversely impacts the H 2 electrode catalyst.
Hydrogen oxidation/evolution reactions (HOR/HER) at the negative side require noble-metal catalysts such as platinum, which is not stable in the HBr/Br 2 environment and is known to be susceptible to bromide adsorption and corrosion leading to reduced catalyst lifetime. [12] [13] [14] [15] In contrast to the H 2 reactions, the bromine reactions do not require noble-metal catalysts at the positive electrode. Carbon is a suitable electrode material because of facile bromine reaction kinetics and excellent stability in HBr/Br 2 environment. Due to the high viscosity of aqueous HBr/Br 2 solution and the use of interdigitated flow fields, porous gas-diffusion media (GDM) are used to ensure the liquid electrolyte penetrates the carbon electrode at reasonable pressure drop.
Three to four layers of GDM are used to provide sufficient active area for the Br 2 reaction, due to the low surface area of commercial GDM. 4 
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For any technology to be economically viable for large-scale energy storage, cost and durability must be addressed. The H 2 /Br 2 flow-battery system has cost advantages when compared to all-vanadium flow-battery systems (e.g, $400 /kW-h 10 versus $800 /kW-h 16 for a 4-hour discharge duration). However, cost must be reduced and durability must be increased further for this technology to be cost effective. Therefore, this work focuses on the development of low-cost and durable improved MEA materials. The performance of new materials in H 2 /Br 2 flow cells is reported along with preliminary cost analysis.
PFSA membranes have been long recognized as one of the most expensive components in PEMFC and flow-battery stacks. New types of low-cost membranes such as nanoporous proton conducting membranes (NP-PCM) composed of polyvinylidene fluoride (PVDF) with silica 3 and nano-fiber Nafion/PVDF electrospun composite membranes have been developed via dual fiber electrospinning. 17 While the NP-PCM with 60% porosity exhibited low cost and good performance, the authors also acknowledge the high liquid flux across the membrane.
Nafion/PVDF electrospun composite membranes demonstrated reduced membrane swelling and bromine/bromides permeation. In addition, less Nafion ionomer material would be needed for the composite so a lower membrane cost is expected according to a preliminary cost analysis for a Nafion/polyphenylsulfone composite membrane developed for H 2 /air fuel cells. 18 Following these results, this work develops highly selective nanofiber-based Nafion/PVDF composite membranes for the H 2 /Br 2 flow battery via a single-fiber electrospinning process which is simpler and more cost-effective than the dual-fiber electrospinning process. Lastly, the use of multiple layers of expensive carbon paper as the Br 2 electrode proves costly. The ionic diffusion distance also increases due to the increased Br 2 electrode thickness, which adversely affects cell performance. 21 In this work, we attempt to enhance the surface area of plain carbon GDM by growing carbon nanotubes directly on GDM substrates. It was previously suggested that this cost-effective approach would minimally impact the morphological properties (porosity and tortuosity) of the carbon GDM, while improving the active surface area. 
Experimental
Fabrication of Nafion/PVDF composite membranes. -Single-nanofiber mats were prepared by electrospinning solutions containing mixtures of 1100 EW Nafion PFSA and polyvinylidene fluoride. The raw mats were post-processed into dense membranes by hot pressing at 177 and bromine-species crossover rate and self-discharge rate were measured in a 10-cm 2 flow cell using a Biologic VMP-3 potentiostat. Membranes and H 2 electrodes were not hotpressed, and the detailed setup and cell configuration can be found in reference [11] , and protocols in reference [10] . Crossover rate for bromine-species was determined by collecting the liquid exiting the H 2 exhaust. The exit line was cooled to 0. Cell cycling. -Cell cycling was conducted with the same 10-cm 2 flow cell in battery mode (closed catholyte and hydrogen loops). A glass reservoir held hydrogen that was circulated through the cell and returned to the reservoir through a liquid trap. The liquid accumulated in the reservoir was pumped to the catholyte tank several times per charge/discharge cycle, at a rate selected to match the average crossover flux. The hydrogen tank was held at roughly ~136 kPa absolute pressure, and the pressure fluctuated slightly during charging and discharging; excess hydrogen was used to minimize the pressure variation. Cell polarization performance was assessment before and after cycling with the hydrogen exhaust vented rather than circulated.
Results and Discussion

Nafion/PVDF electrospun composite membranes
Most ionomer membranes, including Nafion, swell in water and aqueous HBr solutions, decreasing their anion barrier property and increasing the crossover rate of bromine-species through the membrane. The incorporation of an uncharged PVDF reinforcement improves the mechanical characteristics of the membranes and thus restricts the swelling of the ionic pathways within the ionomer. As a result, the composite membrane crossover rate is reduced and permselectivity is increased. The incorporation of uncharged reinforcement unavoidably reduces the membrane conductivity. However, the sheet resistance (membrane thickness divided by membrane conductivity) can be controlled by varying membrane thickness and Nafion:PVDF ratio while maintaining desired mechanical strength and crossover rate.
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The synthesized single-fiber single-layer Nafion/PVDF membranes were about 30 m thick and composed of 80 wt% Nafion and 20 wt% PVDF. For PFSA membranes there is a tradeoff between power density (membrane resistance) and coulombic efficiency (brominespecies crossover). Within a range of pre-boiled Nafion membranes, NR212 membrane (55 m thick) was found to exhibit a reasonable tradeoff between power and energy efficiency and thus this commercially-available membrane was chosen as a baseline for comparison to the new composite membranes developed here. 11 Membrane pre-treatment has a large impact on membrane conductivity and Br-species crossover rate. 11 Therefore, NR212 membranes asreceived, boiled, and boiled then air-dried were tested for comparison. The last pretreatment is chosen to mimic the processing of the Nafion/PVDF composite membrane: after hotpressing the raw mats, the composite membranes were boiled in sulfuric acid solution and DI water to remove residual carriers and to re-protonate all of the ion-exchange sites, and then air-dried prior to testing.
As shown in Figure 1a , the cell performance of boiled NR212 membrane is much higher than that of the as-received NR212 membrane, due to reduced membrane resistance as shown in Figure 1b . However, the Br-species crossover rate is increased 4-fold and self-discharge rate over 7-fold as shown in Table 1 , leading to drastically decreased coulombic efficiency ( Figure   1c ). The energy efficiency was reduced to a maximum of 0.75 (at 250 mA/cm 2 ). This illustrates the tradeoff between crossover and resistance, which leads to a compromise between maximizing power or efficiency. The new Nafion/PVDF electrospun composite membrane exhibited the same or better polarization performance than the highest-conductivity NR212 (boiled) membrane as shown in Figure 1a due to the reduced sheet resistance (Figure 1b ) yielding high power density. In addition, the Br-species crossover rate and self-discharge rate were nearly the same as 13 the lowest-crossover NR212 (as-received) membrane (Table 1) . As a notable result, the energy efficiency for the new membrane is higher than NR212, either boiled or as-received, over a very wide range of current density (75 to 750 mA cm -2 ) and exceeds 0.8 at 400 mA/cm 2 ( Figure 1c ). This is similar to the energy efficiency achieved for boiled and dried NR212, however significantly lower cost is projected for the composite membrane as discussed below.
Nitrogen-functionalized platinum-iridium catalyst on carbon support (Pt-Ir-N x /C)
Pt-Ir-N x catalysts were tested in both a H 2 -pump cell and a H 2 /Br 2 flow cell and the iRcorrected performance is shown in Figure 2 . Performance of a platinum electrode is shown for comparison. Note that the non-zero OCV of the H 2 -pump cell was caused by slight H 2 gas pressure difference between the cathode and anode gas streams. In the H 2 -pump cell, the Pt-Ir-N x /C sample exhibited improved HOR activity and nearly identical HER activity when compared to that of the standard Pt/C catalyst, whereas in the H 2 /Br 2 the flow cell, the Pt-Ir-N x /C showed performance identical to Pt up to 1 A/cm 2 even with a lower metal loading. The lower performance beyond 1 A/cm 2 may be attributed to the un-optimized catalyst and electrode structures.
To evaluate the Pt-Ir-N x /C catalyst durability, the catholyte was introduced into the negative side of the flow cell thereby soaking the H 2 electrode for various periods of time (see Figure 3 ). This is considered to be a worst-case condition for the H 2 electrode. At the end of soaking, dry nitrogen was flowed into the cell for 10 to 20 minutes to flush out the solution.
Polarization performance and AC impedance were then re-assessed with hydrogen flow, followed by subsequent soakings. To ensure performance degradation was not caused by electrode flooding, an interdigitated flow field was used at the H 2 side and multiple scans were hours of cumulative soaking. AC impedance in Figure 5b shows a small gradual increase in H 2 electrode resistance in stark contrast to the large increase observed for Pt. Figure 4a shows that after soaking the cell for 18 hours, the charge performance changed very little and the discharge performance was nearly unchanged within the current range of 0 to 0.5 A/cm 2 (normal operation range for high efficiency). Although the Pt-Ir-N x /C catalyst is not entirely immune to bromide/bromine adsorption and corrosion, the maximum power from the Pt-Ir-N x catalyst was still about 0.58 W/mg-metal after 366 cumulative hours of soaking. This is a significant improvement over the Pt catalyst, which failed after one-hour soaking.
Carbon Nanotube (CNT) based Br 2 Electrodes
Performance of the new single-layer CNT electrode and the baseline electrode (a stack of three layers of pre-treated plain SGL GDL 10AA carbon paper) was determined with 2M HBr/0.9M Br 2 solution. It was found in a separate experiment that the baseline Br 2 electrode requires a solution flowrate of at least 10 mL/min/cm 2 to achieve optimal performance, and this flowrate was used here. The single-layer CNT electrode was tested with various flowrates (see Figure 6 ). The durability of the CNT material was also evaluated and it was found that the active carbon surface area decreased upon contact with HBr/Br 2 solution flow, presumably due to loss of CNTs, but stabilized after about 4 hours (not shown). The test results presented here were collected beyond that 4h duration and multiple scans were conducted to obtain reproducible and steady-state performance data.
The discharge performance up to 0.7 A/cm 2 for the single-layer CNT electrode at a flowrate of 2 mL/min/cm 2 was nearly the same as the three-layer baseline material at 10 mL/min/cm 2 . In addition to providing sufficient active surface area for the bromine reaction, the single-layer CNT electrode also reduces the mass-transport distance from the flow field to the membrane since its thickness is only one-third of the baseline electrode. The deviation from baseline performance at higher current may be attributed to mass-transport overpotential during discharge and a high concentration of Br 2 at the reaction sites during charge. Once the solution flowrate was increased from 2 to 5 mL/min/cm 2 , both the charge and the discharge performance were immediately improved and surpassed the baseline material. A further increase in flowrate to 10 mL/min/cm 2 led to marginally improved performance at higher currents. Therefore, a flow rate of 5 mL/min/cm 2 would be an optimal operation point. The results demonstrate that when using CNT electrodes, equal or better performance can be achieved with less material. One may be concerned that the pressure drop across the Br 2 electrode may increase due to the reduced electrode thickness when compared to the three-layer baseline materials. While this is a valid concern, lower flowrates are needed to achieve equal or better performance (2 or 5 versus 10 mL/min/cm 2 for CNT and baseline materials, respectively), and proper interdigitated flow-field design can reduce the pressure drop further.
Cycling test
A Nafion/PVDF electrospun composite membrane and Pt-Ir-N x H 2 electrode were assembled into a 10-cm 2 flow cell and subjected to a week-long cycling test. For the cycling test the electrospun single-fiber tri-layer Nafion/PVDF membrane with 13 wt% overall PVDF content was used. The H 2 electrode was prepared by coating Pt-Ir-N x /C catalyst ink onto a SGL GDL 10BC with a loading of 0.5 mg-metal/cm 2 . Due to the design of the flow field, which was not optimized for one-layer CNT Br 2 electrode, a baseline (+) electrode was used in this cycling test to avoid excessive pressure drop.
The cell was assessed for initial performance with 2M HBr/0.9M Br 2 solution and then cycled 100 times at a current density of 400 mA/cm 2 with cutoff voltages of 0.5/1.15V. Cell performance was re-assessed after cycling ( Figure 7 ). The small change in discharge performance may arise from increased bromide adsorption arising from Pt or membrane permeability evolution, or small experimental deviations in bromine/bromide ratio, bromine concentration, or hydrogen pressure/flowrate as these are known to impact high-current discharge performance. 7 The capacity was very stable with an average 95% coulombic efficiency throughout the cycling test. The spikes arise from fluctuations in the syringe pump recirculating rate returning the solution accumulated at the H 2 exhaust back to the catholyte bottle. After cycling, identical charge performance was maintained and minimal degradation was observed in the discharge performance. The voltaic efficiency was somewhat lower than 0.7 due to the unoptimized tri-layer composite membrane. Nevertheless, the new materials have demonstrated excellent stability in the cycling test. Note that this cycling test was about one week long while flow batteries are expected to operate for many years, thus long-term durability tests will be conducted to further evaluate the durability of the new materials. This cell was also assessed for its performance with 1M HBr/0.9M Br 2 . It was also noticed that this cell performed similar to the baseline materials when using 1M HBr/0.9 M Br 2 solution, but somewhat the performance worse with 2M HBr/0.9M Br 2 solution was worse than that of the baseline materials. The cause of this concentration-dependent performance will be investigated in future studies.
Preliminary cost analysis
Researchers at Lawrence Berkeley National Lab (LBNL) and Robert Bosch Corporation developed a cost model for a H 2 /Br 2 flow-battery energy-storage system (hereinafter referred to as the LBNL system model). 10 In their cost model, commercial materials are assumed for the MEAs: Nafion membrane, Pt catalyst for negative electrode, plain carbon paper for positive electrode and H 2 electrode GDM. Below we estimate the costs of the new materials developed in this work and use these to replace the cost of conventional MEAs in the LBNL system model (the commercial H 2 electrode GDM remains unchanged). Refer to reference [10] for detailed model description and assumptions.
Cost of new MEA materials
Nafion/PVDF composite membranes -The composite membrane consists of 80 wt% Nafion and 20 wt% PVDF with a thickness of 30 m. The membrane cost includes Nafion ionomer, PVDF polymer, and solvent material costs and manufacturing process cost (electrospinning/hotpressing/annealing). The Nafion ionomer price was reported with respect to annual purchase volume by Directed Technologies, Inc. Because of the ~ 20x surface-area enhancement, a thinner CNT electrode provides sufficient active surface area for the Br 2 reaction, enabling further cost reduction.
Cost of new MEAs and System
The cost of MEAs with new materials is compared to conventional MEA materials in Table 2 . By using the new materials, the MEA cost is reduced 47%. The new MEA cost was then entered into the LBNL system model with an area-specific resistance (ASR) of 0.27 ohm-cm 2 extracted from the experimental data. H 2 /Br 2 flow-battery system cost consists of fuel-cell stack, balance-of-plant (BOP), and assembly costs. Figure 8 and Figure 9 show the system capital cost and the breakdown of the stack cost. For comparison, the system cost with conventional materials is also shown (Gen 3 performance with ASR=0.32 ohm-cm 2 for boiled NR212 membrane taken from reference [10] ). The system cost ($/kW-h) is reduced using the new materials (about 17% reduction at 1-hr discharge duration). The cost reduction results primarily from the lower stack cost (~38% reduction at 1-hr discharge duration) and the change of BOP and assembly costs is negligible. The most expensive component in the stack with conventional MEAs is PFSA membrane, which accounts for 38%. The membrane cost is reduced to 21% in the stack with new MEAs because of the low PFSA content in the composite membranes. The second most expensive component, bipolar plates, becomes the top one in the stack with new
MEAs and accounts for almost half of the total stack cost due to the expensive metal coating and low production volume. Less expensive and compatible materials in addition to high production volume are expected to reduce the cost.
Conclusion
New MEA materials were developed for H 2 /Br 2 flow batteries and evaluated in flow cells.
The electrospun composite membranes made of Nafion and PVDF were able to deliver high 
